More than half of the primordial follicles that are formed by Day 6 of postnatal life in the mouse will be eliminated from the ovary by the time of puberty. Apoptosis, a form of programmed cell death, is one mechanism by which these follicles could be actively lost. To investigate whether apoptosis is responsible for the loss of primordial follicles, follicular atresia was examined during the prepubertal period, when follicles die and are cleared from the ovary at an extremely high rate. Four hallmarks of classical apoptosis were measured in follicles present in prepubertal ovaries. The primordial follicle cohort was not positively associated with nuclear condensation or cell shrinkage, activation of caspase 3, cleavage of poly(ADP ribose) polymerase 1 (PARP1), or fragmentation of DNA. These data are consistent with a nonapoptotic pathway that is responsible for small follicle death. apoptosis, atresia, follicular development, prepubertal, primordial follicle
INTRODUCTION
In the ovary, each germ cell is either selected to grow and ovulate or is lost to an atretic pathway; the female reproductive capacity requires a balance between these fates. Germ cells can be lost to death processes before or after they are surrounded by somatic cells to form follicles; the death of oocytes and germ cells preceding follicle formation is termed attrition, whereas the degenerative process of follicle death once germ cells are encapsulated by somatic cells is termed atresia [1] . More than 99% of germ cells in the ovary are lost through attrition and atresia; only very few ever reach ovulation. The precise mechanisms governing germ cell attrition rely mainly on apoptosis and are well documented [2] [3] [4] [5] [6] [7] [8] , but less is understood about the biological mechanism of follicular atresia. Both biological processes are crucial for the selection and maturation of an adequate number of good-quality oocytes that will last throughout the reproductive life of the organism.
The mechanism of cell death and follicular atresia in the ovary has been widely assumed to be apoptosis [9] [10] [11] . Indeed, apoptosis does appear to be the major mechanism of germ cell attrition during fetal development. Atretic primordial germ cells exhibit morphological signs of apoptosis, including nuclear condensation, membrane blebbing, and cell shrinkage, with eventual fragmentation [2, 5, 6] . Additionally, the germ cells lost during this period exhibit DNA fragmentation and laddering characteristic of apoptosis [7, 8] . Germ cells also exhibit signs of apoptosis during the period of germ cell nest breakdown that immediately precedes primordial follicle formation. Both cleaved PARP1 and DNA fragmentation, as evidenced by TUNEL staining, are apparent in germ cells during this time of primordial follicle assembly in both the mouse and human [3, 4, 12, 13] . In fact, hormonally controlled apoptosis of germ cells is thought to be necessary for proper completion of nest breakdown and follicle assembly in the mouse [12] . However, even during this period, alternative forms of germ cell death or loss have been documented. For example, the process of shedding, where germ cells squeeze through the ovarian surface and are shed into the intrabursal space, also has been reported during this time period, but the exact contribution to attrition is unknown [14] . Additionally, there are reports of nonclassical apoptotic phenotypes (those that do not exhibit hallmarks of apoptosis, like DNA fragmentation or cellular and nuclear condensation) that resemble meiotic arrest, necrotic cell death, or autophagic cell death [15, 16] . The biological processes responsible for all follicular atresia are not as well studied as those responsible for earlier attrition. Follicular atresia itself is defined only by a measured quantitative loss of follicles; it is distinct from any explanation of the biological mechanism responsible for cell death. The dynamics of follicular atresia are difficult to pinpoint because they depend on the age of the animal; different follicle cohorts are present before and after puberty. An additional complicating factor is that follicles may be lost from the initial follicle pool by atresia or merely by the healthy transition to the next phase of follicular growth; the decision between these two fates differs greatly based on the follicle class involved [17] [18] [19] [20] . After germ nest breakdown and accompanying germ cell attrition [4] , primordial follicles are formed that consist of a central germ cell with surrounding squamous granulosa cells. These quiescent, nongrowing follicles are the class that experiences the most significant loss due to atresia during the prepubertal period [17, 18] . Upon activation, which involves actions of the phosphatidylinositol 3-kinase pathway [21] , the transition from primordial to primary is associated with morphological and proliferative changes in the granulosa cells and growth of the oocyte. Further proliferation of granulosa cells is indicative of multilaminar secondary follicles. Contrary to primordial follicles, primary and small secondary follicles are thought to transition mostly to more mature follicles and have a negligible rate of atresia [17] [18] [19] . After stimulation by follicle-stimulating hormone, the granulosa cells begin a rapid proliferation stage coincident with reorganization around a fluid-filled space called the antrum. These proliferative and differentiation changes mark the final growth stage before ovulation. Follicles at each of these later stages that are not selected for further growth also undergo atresia [17] [18] [19] [20] [22] [23] [24] .
Like earlier attrition, the death of large follicles in the adult ovary involves apoptosis although, importantly, these signs of apoptosis are detected primarily in the somatic granulosa cells, not the oocyte itself [8, [25] [26] [27] [28] [29] . Apoptotic markers have been detected in the granulosa cells of large secondary and antral (preovulatory) atretic follicles of human, rodent, bovine, porcine, and avian ovaries [20, 27, [29] [30] [31] [32] [33] [34] [35] . However, these studies did not report similar signs of apoptosis in smaller follicles in the adult ovary [8, 20, 29] . Human primordial and primary follicles in the adult do not exhibit morphological signs of apoptosis or the proteolytic cleavage of caspase 3, a highly conserved effector of apoptosis [27] . Indeed, caspase 3 and DNA fragmentation were only identified in older follicles in which morphological signs of apoptosis existed, and all three identifiers of apoptosis were absent in the primordial follicles of human adult ovary biopsies [36] .
Unlike adult ovaries, the prepubertal ovary undergoes a significant loss of primordial follicles from the initial follicle pool that is formed after nest breakdown. In mice, primordial follicles decrease in number from more than 10 000 at Postnatal Day 6 to fewer than 3000 by Day 45 [17] . This massive atresia is mirrored in the human ovary, which has approximately 2 million follicles present at birth but only about 300 000 by age 7 yr; even more follicles are lost in the years preceding menarche [37] . The mechanisms underlying the loss of follicles prior to puberty establish the ''ovarian reserve,'' or those follicles available to the adult animal to ensure normal fertility and the endocrine hormones necessary to the overall health of the organism. Loss of too many or too few follicles would change the ovarian dynamics of the adult. Indeed, premature loss of ovarian follicles is associated with premature ovarian insufficiency, and the mechanisms governing prepubertal follicle loss may provide a window of understanding on this largely idiopathic disease.
The current study investigates whether apoptosis is the mechanism of cell death and follicular atresia in the prepubertal ovary.
MATERIALS AND METHODS

Animals
CD1 mice were maintained in accordance with the policies of the Northwestern University's Animal Care and Use Committee. Mice were housed and bred in a controlled barrier facility within Northwestern University's Center of Comparative Medicine (Chicago and Evanston, IL) and were provided with food and water ad libitum. Temperature, humidity, and photoperiod (12L:12D) were kept constant. Animals were fed Teklad Global (Madison, WI) irradiated 2919 or 2916 chow, which does not contain soybean or alfalfa meal and contains minimal phytoestrogens.
Tissue Processing and Histological Staining
Mouse ovaries were placed in 4% formaldehyde (Sigma, St. Louis, MO) fixative for 8 to 24 h, depending on size. The tissue was then dehydrated and paraffin embedded. Five-micrometer sections were cut with a microtome and mounted on Superfrost-Plus slides (Vector Laboratories Inc., Burlingame, CA) or Surgipath Snowcoat Extra slides (Surgipath, Richmond, IL). Hematoxylin and eosin staining were performed using a Leica Autostainer XL (Leica Microsystems, Wetzlar, Germany). All tissue processing was performed by the Northwestern University Center for Reproductive Sciences Histology Core. 
Antibodies
Immunohistochemistry and IMF
Immunohistochemistry and IMF for cleaved PARP1 were performed and visualized as described previously [38] , except that antigen retrieval was performed by microwaving on high for 2 min and low for 7 min.
A modified protocol for cleaved caspase 3 staining (courtesy of Dr. P.J. Devine, University of Quebec, Pointe-Claire, QC, Canada) was used. Peroxide quenching, Tris-buffered saline with tween (TBS-T) permeabilization, and ABC kit steps were omitted, 5% bovine serum albumin-PBS was used as block, and all antibodies were diluted in PBS. After secondary antibody incubation, the slides were rinsed in TBS-T and incubated in streptavidin-conjugated Alexa Fluor 568 (1:100 dilution) for 1 h (Molecular Probes, Eugene, OR).
In Situ DNA Fragmentation Detection TUNEL staining was performed using the DeadEnd Fluorometric TUNEL System Kit following the manufacturer's protocol (Promega Corp., Madison, WI) as described previously [38] . DNAse pretreatment was done according to manufacturer's protocol with a DNAseI (Worthington Biochemical Corp., Lakewood, NJ) concentration of 20 U/ml.
Preparation of Ovarian Lysates
Ovaries were placed in lysis buffer (50 mM Tris-HCl, pH 7.5; 10% glycerol; 5 mM ethylenediaminetetraacetic acid; 150 mM NaCl; and 0.5% Nonidet P-40) with freshly added protease inhibitors (one tablet per 10 ml; catalog no. 11836153001; Roche Laboratories, Indianapolis, IN) and phosphatase inhibitors (diluted 1:100; catalog no. P2850; Sigma-Aldrich, St. Louis, MO) and homogenized with a handheld motorized pestle (catalog no. 749540-0000; Kontes Glass Company, Vineland, NJ). Lysates were centrifuged 5 min, and supernatant was quantified for protein content using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE) and placed at À808C until use.
Caspase 3/7 Activity Assay and Cleaved PARP1 Western Blotting Caspase 3/7 activity was assayed using the Caspase Glo 3/7 Assay (catalog no. G8093; Promega) as described previously [39] , using 5 lg of protein.
Western blotting was performed as described previously [40] , with the following modifications: between 35 and 60 lg of protein was loaded for each sample, blocking was done in 5% milk in TBS-T, and primary antibodies were incubated overnight at 48C. Dilutions for anti-cleaved PARP1, anti-beta actin (catalog no. A-2066; Sigma-Aldrich), and horseradish peroxidase-conjugated goat anti-rabbit secondary (catalog no. 816120; Zymed Laboratories, San Francisco, CA) were 1:500, 1:3000, and 1:3000, respectively. Expression was determined as a ratio of cleaved-PARP1 to actin signal.
For both quantitative measures, activity/expression was represented on a per-ovary basis after determining the wet weights of ovaries using C-31 Microbalance (Cahn Instruments, Cerritos, CA).
Mathematical Calculation of Primordial Follicle Death
Using the models developed by Bristol-Gould et al. [17, 38] , equations 1-5 were derived to determine the number of primordial follicles that underwent atresia (A) or transitioned to primary stage (T) as a function of time (in days). In PRIMORDIAL FOLLICLE LOSS equation 1, P represents the number of primordial follicles at time t after the initial time point (i.e., Day 6). Calculations used Day 6 as t ¼ 0 because all germ cells are encapsulated into follicles by this time, and germ cell loss can therefore be attributed to follicle atresia rather than germ cell attrition. The initial number of primordial follicles is denoted as P o , the kinetic constant k L represents the rate of loss for primordial follicles by atresia, and k T is the kinetic constant describing the rate of loss for primordial follicles by transition to the primary stage (Fig. 1A) . equation 1 can be plugged into equation 2 or equation 4 to provide a solvable form for number of follicles lost to atresia (A) or transition (T ), respectively. equation 3 is the solution to equation 2, and equation 5 is the solution to equation 4. Models from Bristol-Gould et al. [17, 38] did not pool primordial and primary follicles into a single group.
Follicle Counting
Except in the case of cortical follicle counts for examination of follicle shedding, follicles were classified as either primordial/primary if they had only one surrounding granulosa cell layer, or secondary/antral if they had multiple granulosa cell layers [23] . Follicles with either an oocyte or single positive granulosa cell stained positive by IMF or TUNEL, or those that were deemed pyknotic were considered apoptotic follicles. All counts were conducted beginning at the first section of ovarian tissue on every 10th section of serially sectioned tissue and were normalized to the entire ovary as described previously, with the modification that all secondary follicles were counted even if they did not appear morphologically healthy [38] . An average of at least three sections was counted for each ovary; counting serial sections at regular intervals allows the same relative amount of each ovary to be counted. Counting multiple sections has been shown to be important for accuracy of germ cell counts [41] . For examination of follicle shedding, only primordial follicles (distinct from primary follicles) were counted; these were defined as described previously [38] . All counts were performed by three independent investigators. Follicle counting procedure was tested with current counters and was found to be similar to results obtained by counters in Bristol-Gould et al. [17, 38] .
Although all results are reported in terms of primordial follicles, primordial and primary follicles were quantified together in this study (not including modeling derived from Bristol-Gould et al. [17, 38] or counts of cortical follicles for follicle shedding) to distinguish them from multilayered follicles. Despite this pooling, the results are stated in terms of primordial follicles alone. We have done this because several studies from our lab and others have shown that primary follicles do not undergo atresia to an appreciable degree [17] [18] [19] [20] . Therefore, although our results do not show apoptosis occurring in primary follicles, this is likely because of the fact that these follicles are simply not dying, rather than the conclusion that follicles are dying but are not doing so by apoptosis. Because primary follicles are not dying to any significant degree, they do not contribute to counts of apoptotic marker-positive follicles. Because counts are presented in terms of positive follicles per section, not percent of total follicles, primary follicles do not influence counts, and results can therefore be stated in terms of primordial follicles alone.
Statistics
Data were analyzed by one-way ANOVA between groups, followed by a Tukey test of significance. Significance was determined for P , 0.05. All statistical analysis was performed using GraphPad Prism 4 (GraphPad Software Inc., San Diego, CA).
RESULTS
Mathematical and Empirical Assessment of the Number of Atretic Primordial Follicles Lost per Day in the Prepubertal Ovary
An estimated number of primordial follicles that are lost to atresia between Days 6 and 19 was determined by mathematical modeling of empirically derived follicle numbers counted [17, 38] (approximately 2600 primordial follicles per ovary; Fig. 1A ). This loss of primordial follicles from the initial follicle pool is only relevant to a discussion of follicle death if follicles are lost to atresia rather than a transition to the primary stage; follicle counts from Bristol-Gould et al. [17] did not group primordial and primary follicles, allowing the calculation of the number of follicles lost to each endpoint. A formula was derived to calculate this from the original model [17, 38] . We calculate a transition of 81 6 3.8 follicles per ovary per day to primary follicles, with an approximately 2-fold greater loss of primordial follicles to atresia (155 6 7.4 primordial follicles per ovary per day; Fig. 1, B and C) . Thus, atresia accounts for the majority of loss from the initial primordial follicle pool.
Classic Apoptotic ''Death Effectors'' Remain Inactive in Atretic Primordial Follicles Caspase 3, which requires proteolytic cleavage for activation, is a key mediator of apoptosis and is partially or totally responsible for cleaving many of the proteins that are degraded to complete apoptosis; caspase 7 is a family member of caspase 3 that can act in its place in some apoptotic processes [42] . The presence of active caspase 3 or 7 was investigated across the prepubertal period using a highly sensitive assay. Very little caspase activity was found until Postnatal Day 16, with significant increases by Day 19 ( Fig. 2A) . To determine where the caspase activity was localized, the presence of cleaved caspase 3 was measured in ovarian tissue from Postnatal Days 7, 10, 13, 16, 19, 22, and 26 using immunofluorescent assessment. Cleaved caspase 3 was detected in the cytoplasm of granulosa cells in secondary and antral follicles at all days in which they were present; the number of positive follicles increased significantly by Postnatal Day 16 (Fig. 2, B and C) . Cytoplasmic, nonnucleated bodies present in the antral space, thought to be cell fragments from cells undergoing apoptosis (i.e., apoptotic bodies) were positive for cleaved caspase 3 (Fig.  2C ), as were some stromal cells. In contrast, granulosa cells from primordial and primary follicles were negative for cleaved caspase 3 (Fig. 2D) . Oocytes from all follicular stages were negative for cleaved caspase 3. Interestingly, in the negligible number of primordial follicles deemed positive for cleaved caspase 3, staining was typically in the oocyte rather than the granulosa cells, a reversal of the localization monitored in larger follicles.
Characteristic Apoptotic Pathway Substrates Remain Uncleaved in Primordial Follicles
Downstream of the activation of caspases or any compensating protease, the degradation of certain substrates is considered a hallmark of apoptosis. For example, internucleosomal DNA fragmentation has been the best-studied molecular indicator of apoptosis. It can be detected as DNA laddering when by gel electrophoresis, or studied in situ by labeling DNA strand breaks (TUNEL method) [43] [44] [45] . A second substrate targeted for degradation in apoptosis is PARP1, which is responsible for repairing DNA strand breaks. Cleavage of PARP1 allows the accumulation of genotoxic assaults [46] . To rule out the possibility that a compensatory protease (Fig. 3, A-E) and PARP1 (Fig. 3, F-I ) were significantly degraded in secondary and antral follicles only, and only in the granulosa cells of these follicles. In addition to measuring fragmentation in these follicles known to undergo apoptosis, the positive control of DNAse pretreatment in the TUNEL protocol clearly labeled all cells, with oocytes appearing to be to be labeled or visualized more readily than somatic cells when DNA fragmentation is induced (Fig. 3C) . Across all time points, oocytes were negative for both DNA fragmentation and PARP1 cleavage. Positive granulosa cells were identified throughout secondary follicles and in the cumulus and mural granulosa cell layers of antral follicles, most commonly proximal to the antrum (Fig. 3, A and F) . Labeling of fragmented DNA is clearly isolated to the nucleus, whereas cleaved PARP1 is distributed throughout the cytoplasm. Primordial and primary follicles, both oocytes and granulosa cells, were almost completely negative for both markers (Fig.  3 , B and G). Quantification of PARP1 from Western blotting supports this pattern; PARP1 expression is increased by Day 16, and significantly so by Day 19 (Fig. 3I) . Cleaved PARP1 seems to be the most sensitive apoptotic marker studied, because it detected a greater number of secondary and antral follicles as apoptotic than any other method. As with cleaved caspase 3, the very few primordial follicles ever deemed reactive for cleaved PARP1 immunostaining were positive within the oocyte, not the granulosa cells.
Morphological Endpoints of Apoptosis Are Absent in Primordial Follicles
Pyknosis-the shrinkage of the cell and condensation of the nucleus that can be observed by light microscopy-is the classical morphological signature of apoptosis [47] . To confirm results from apoptotic pathway component localization, ovarian tissue collected from mice 7, 10, 13, 16, 19, 22, and 26 days old was stained with hematoxylin, and every 10th section of serially sectioned tissue was counted to quantify pyknosis. Pyknotic nuclei were restricted to the granulosa cells of large-growing secondary and antral follicles in tissue from later days, where such developed follicles were present. These pyknotic nuclei appeared throughout the granulosa cell layers in preantral follicles but were more commonly found surrounding the antral space after antrum formation (Fig.  4A ). Granulosa cells with pyknotic nuclei often also exhibited cell fragmentation. Pyknotic stromal cell nuclei also were detected but were not quantified. No pyknotic nuclei were identified in oocytes of any follicle size at any day examined. Negligible numbers of primordial or primary follicles with pyknotic cells were identified on any day (Fig. 4, B and C) . 
Apoptosis Is Not Initiated in Primordial Follicles During Supraphysiological Follicle Atresia
All observations to this point have used untreated animals to examine the normal physiological loss of follicles in the prepubertal period. There are, however, several models in which exogenous hormone or drug treatment can increase the number of primordial follicles formed, which is accompanied by a greater than normal loss of follicles prior to the establishment of the ovarian reserve at puberty. Previous data from our lab showed that activin increases the number of perinatal primordial follicles by 27%. However, by Day 19, activin-treated animals have a similar number of primordial follicles as the vehicle-treated animals. Thus, between Days 6 and 19, activin-treated animals undergo an increased rate of primordial follicle atresia [38] . This model allows us to determine whether the ovary initiates apoptosis to discard the excess follicles. To investigate this possibility, pyknotic primordial and primary follicles in ovarian tissue collected from 10-day-old, activin-treated animals [38] were counted.
Although activin-treated ovaries have a higher rate of primordial follicle loss (approximately 8000 primordial follicles lost per animal between Days 6 and 19 compared with 5000 in untreated controls), no significant increase in apoptosis in primordial (or primary) follicles in activin-treated ovaries was measured. Similar to primordial follicles from untreated ovaries, neither oocytes nor granulosa cells of primordial follicles from activin-treated animals appeared pyknotic (Fig. 4D) .
Lack of Apoptosis Visualization Cannot Be Explained by Rapid Clearance
Rapid turnover and clearance of apoptotic cells by resident phagocytes has been suggested as a reason that counts of germ cells fail to label a large percentage of those expected to be apoptotic [4] . To address this possibility, cleaved PARP1-positive primordial and primary follicles were counted for eight time points (every 3 h) across the 24-h time period of Postnatal Day 10. Day 10 was selected because it represents the midpoint in the period of maximum follicle loss. The counting methodology assumes that the period between the onset of PARP1 cleavage and complete clearance of all cells in the primordial follicle is less than 3 h (an ultraconservative time frame for most apoptotic cells). By selecting 3 h, it is possible that we could overestimate the number of atretic follicles if their clearance is slower than this time span. Only 37 primordial or primary follicles were marked positive for cleaved PARP1 across the entire 24-h period, far fewer than the estimated 155 follicles that are being eliminated on this day (Fig. 5) .
Follicle Shedding Does Not Explain Primordial Follicle Loss
As an alternative to an apoptotic mechanism, the hypothesis that primordial follicles are shed from the ovary was investigated by counting cortical follicles from every 10th section of Day 10 ovarian tissue. Cortical follicles were designated as ''normal'' if the oocyte was separated from the intrabursal space by at least two cell layers (hypothetically, the granulosa and ovarian surface epithelial layers; Fig. 6A ). Follicles were identified as subepithelial if only a single cell layer separated the germ cell cytoplasm from the intrabursal (Fig. 6B) and intraepithelial if the oocyte cytoplasm was in direct contact with the intrabursal region (Fig. 6C) . Finally, follicles were classified as intrabursal if the oocyte or follicle was completely outside of the ovary. The bursa was maintained intact through dissection, processing, and sectioning for all ovaries counted.
Approximately 90% of cortical follicles from Day 10 tissue were classified as normal (Fig. 6F) . Although significantly less than the normal population, nearly 10% of the follicles were designated as subepithelial. An insignificant number of follicles transitioned further toward the surface; a negligible number of follicles were deemed intraepithelial. A primordial follicle was never found in the intrabursal space in all 11 ovaries examined. However, many intrabursal cells were detected (Fig. 6D) , which confirmed that cells were not lost from the bursal sac during tissue preparation. Although these cells were not intact follicles, they could be oocytes that were shed from the ovary without accompanying granulosa cells. To address this possibility, every 10th section of Day 10 ovaries was stained for DDX4, an oocyte marker [48] . Although oocytes from all primordial follicles (and larger-growing follicles) stained positively for DDX4, no intrabursal cells were determined to be positive (Fig. 6E) , verifying that these cells were not shed follicles.
DISCUSSION
Thousands of primordial follicles are lost during the prepubertal period in mice. We have demonstrated that during this period, primordial and primary follicles have a nearcomplete absence of all the standard hallmarks of classical apoptosis, such as nuclear condensation, activation of caspase 3, degradation of PARP1, and DNA fragmentation, all of which were identified in granulosa cells of larger atretic follicles. Furthermore, we found that the activin-treated ovary does not resort to apoptosis to eliminate supraphysiological numbers of primordial follicles. Finally, the phenomenon of epithelial shedding that has been described in germ cells during nest breakdown does occur during primordial follicle loss in the prepubertal ovary.
Failure to detect the morphologic and biochemical markers of apoptosis may have been due to technical limitations or utilization of nonclassical apoptotic pathway components. Single methods of identifying apoptosis are limited in their ability to mark all apoptotic cells; only a subpopulation of germ cells lost during follicle assembly, when germ cells are known to undergo apoptosis to some degree, can be identified (by TUNEL or cleaved PARP1 antibody staining) as apoptotic [4, 27, 38] . Second, nonclassical apoptotic pathways may be involved in follicle atresia, such as germ cells' utilization of caspase 2 instead of caspase 3 [49] . This study addresses these challenges by simultaneously performing multiple apoptosis detection techniques and performing quantification during the prepubertal period, as well as performing 24-h counts to exclude the possibility of rapid clearance preventing the complete visualization of markers.
Follicle count results are presented here using pooled counts from primordial and primary follicles (except in the case of follicle shedding counts, where only primordial follicles are counted). Although we have found that primary follicles do not exhibit characteristics of apoptosis, such as DNA fragmentation, pyknosis, PARP1 cleavage, or caspase 3 activation, similar to results found in primordial follicles, it is very important that we not extend the same conclusions regarding follicle death to this group. The initial primordial follicle pool loses 155 follicles per ovary per day to atresia (death); however, the rate of primary follicle loss to atresia is negligible [17] [18] [19] [20] . Therefore, the conclusions presented here regarding primordial follicles-namely, that apoptosis is not the mechanism of their death and that a nonapoptotic death mechanism must exist in these follicles-is not applicable to primary follicles.
We conclude, therefore, that primordial follicles are not lost by classical apoptosis or follicle shedding and can furthermore report that the mechanism of germ cell elimination depends on the developmental stage or local follicular environment of the cell. In addition, apoptosis as a mechanism of cell death is limited by cell type within each follicle during the prepubertal period, and a nonapoptotic mechanism is likely responsible for atresia of primordial follicles in the ovary.
The Mechanism of Germ Cell Elimination Depends on Developmental Stage
Our results demonstrate that the mechanism of elimination for germ cells and follicles depends on the developmental stage at the time of loss. Although it has been reported that germ cells can be shed from the ovary surface during nest breakdown, follicle shedding from the ovary is not the mechanism by which primordial follicles are lost during the prepubertal period. These findings are in accordance with the original report of germ cell shedding in mice, which indicated that the phenomenon was extremely rare at 2 and 3 wk of age [14] but contrary to a report that suggests approximately 25% of primordial follicles are extruded from the ovary on Postnatal Days 7 and 12 [50] . This contradiction could be due to strain differences or differences in classification of cortical follicles. It is, however, difficult to postulate that one fourth of all primordial follicles could be extruded from the ovary at separate time points, yet none of these follicles would be found in the intrabursal region. Thus, the conclusion most consonant with the data is that follicle shedding is a rare event in the postpubertal animal and does not account for the loss of ovarian follicles in the time leading to puberty.
Similarly, the current study demonstrates that atresia via apoptosis is limited to specific developmental stages. Germ cells during fetal development and nest breakdown and granulosa cells of larger follicles have all been reported to exhibit characteristics of apoptosis; however, our results suggest that neither granulosa cells nor oocytes of primordial follicles undergo apoptosis. These results are consistent with previous studies, including two detailed studies of the morphology of dying primordial follicles. de Bruin et al. [51] described that human primordial oocytes die in an organized fashion characterized by the accumulation of vacuoles and late mitochondrial and nuclear rupture. Only 1 in 182 follicles contained any sign of pyknosis, leading the authors to conclude that the method of oocyte degeneration was necrotic rather than apoptotic [51] . In a similar study in rats, Devine et al. [25] demonstrated a high degree of cytoplasmic vacuolization and a complete lack of nuclear condensation and other morphological hallmarks in atretic primordial follicles. In contrast to the de Bruin study, this study reported no nuclear rupture, suggesting that neither necrosis nor apoptosis could explain oocyte death. Additionally, cleaved caspase 3 was not detected in primordial follicles of a different mouse strain [26] . Moreover, DNA fragmentation was not detected in whole-ovary preparations from Postnatal Day 3 or 7 mice. In the time following primordial follicle formation, DNA fragmentation was not detected until Day 14 [7] . Similar studies in rats found that nuclear pyknosis of granulosa cells is not detected until Day 13 [52] . Both of these time points coincide with the appearance of atretic secondary follicles in the ovary; the large loss of primordial follicles prior to this time is unaccompanied by either apoptotic hallmark. A recently published study performed in rats is the sole study to find expression of apoptotic markers, such as TUNEL and cleaved caspase 3, in primordial follicles, and indeed in oocytes across the period [53] . Surprisingly, the study found expression of these markers in 25%-30% of oocytes at every day examined across the prepubertal period, a number far larger than the numbers of follicles thought to be lost at any one moment. In the context of the previous literature mentioned and our own study, we are unable to explain this finding, although species differences are possible. Nevertheless, even this study agrees with the current conclusion that primordial follicles are not lost by classical apoptosis.
Apoptosis Is Limited by Cell Type Within Formed Follicles
Apoptosis is not only limited by developmental stage, because this study demonstrates that it is also limited to certain cells within each follicle. Previous work reported that cell death in smaller follicles begins with death of the oocyte, whereas death of larger follicles can exhibit massive granulosa cell loss while maintaining an intact oocyte [8, 25, 51, 54] . Therefore, larger-follicle atresia is apparently dependent on granulosa cell death, whereas primordial follicle atresia is not. Because of the nonapoptotic state of the granulosa cells, the mechanism of cell death in primordial follicular oocytes becomes the defining factor in atresia. The current study demonstrates, however, that oocytes of primordial follicles (as well as the granulosa cells) exhibit negligible amounts of apoptotic death.
Genetic models that manipulate the classic apoptotic pathway components provide conflicting results regarding the role of apoptosis in the death of oocytes of primordial follicles. Two studies involving overexpression or ablation of the antiapoptotic factor Bcl2 demonstrated a significant change in surviving primordial follicles [7, 55] , but one of these studies suggested that the difference is due to a change in germ cell attrition that is then carried over to primordial follicle number [55] . One study concluded that there was a direct effect on primordial follicle number, but the authors did not perform early follicle counts [7] . It is possible that such counts would have measured changes in germ cell number preceding follicle formation. Similar to the Bcl2 studies, a study using a Bax knockout mouse model reported an increase in primordial follicle number at a late time point but demonstrated that this increase was already present at Postnatal Days 7 and 4, and that even embryonic germ cell number was higher in the transgenic animal [56] . Conversely, a second group using a Bax knockout mouse model performed early germ cell counts, and their results suggested an actual effect on primordial follicle loss [57] . Bax knockout animals in the study had three times as many primordial follicles as controls at Day 42, although they contained comparable numbers at Postnatal Day 4. These data suggest that Bax deficiency renders primordial follicles more resistant to apoptosis, preventing them from undergoing the normal physiological loss. To date, this study represents the best support for the presence of apoptosis in primordial follicles. Unfortunately, the study used morphology to identify primordial follicles as atretic; morphology alone has been reported to poorly identify oocytes as apoptotic [25, 51] . Therefore, although atresia was used synonymously with apoptosis, this was not actually demonstrated. This is especially problematic because alternate forms of cell death can also be regulated by Bcl2 family members [58] . Also, other work involving Bax has been highly suggestive of a role for the protein in primordial germ cell survival [59] , but this stage was surprisingly unaffected in the study by Perez et al. [57] .
Therefore, the literature regarding the death of follicleenclosed oocytes by apoptosis is controversial; within this context, our results indicate that there is no evidence of detectable oocyte apoptosis occurring at any stage of follicle development after the completion of follicle formation. Because germ cells have been reported to undergo apoptosis in germ cell nests and later when ovulated and denuded of cumulus cells [60] , it seems possible that the environment of the intact follicle, when the oocyte is surrounded by the somatic granulosa cells, supports an alternative pathway of germ cell death. Indeed, gap junctions begin to form as soon as oocytes and granulosa cells come into contact [61] . We postulate that oocytes of the earliest primordial follicles may be exposed to new signaling pathways that were previously unavailable within the germ cell nest, and that these new connections may alter the mechanism of oocyte cell death.
Alternate Mechanisms of Follicle Atresia in the Prepubertal Ovary Must Exist
Several studies already suggest that apoptosis is not the only mechanism of cell death in the ovary. Indeed, two studies demonstrated an interesting ''meiotic arrest'' phenotype in which germ cells die subsequent to arresting after their last mitotic division and never truly enter meiotic prophase I [16, 41] . The ensuing death of the cell did not exhibit the morphological signs of apoptosis: the chromatin did not seem to condense in the nucleus, and characteristic DNA degradation did not occur (the cells remain TUNEL negative) [16] . The PRIMORDIAL FOLLICLE LOSS authors suggested that this nonapoptotic cell death may be responsible for a significant portion of the death of germ cells during folliculogenesis and could therefore be extended to the death of oocytes within follicles. Likewise, alternative forms of cell death have been described in the adult ovary of various animals. A necrosislike form of programmed cell death has been observed in atretic follicles of the adult quail and goose [30, 32] . This form of cell death does not result from cellular injury or trigger an immunological response, and it does not follow the traditional apoptotic pathway. Finally, recent studies have reported that an alternate form of programmed cell death called autophagy occurs in the atretic follicles of quail [30] , can be detected in human granulosa cells cultured in vitro [62] , and may account for some portion of cell death in cultured fetal germ cells [63] . Literally translated as the cell ''eating itself,'' autophagy refers to the nonreversible degradation of substrates, including whole organelles, inside the cell's own lysosomal compartments. An extreme version of this normal housekeeping function can result in the death of the cell [64] . Autophagic cell death can be regulated by Bax, Bcl2l1, and Bcl2, indicating the dual role of the Bcl2 family members in autophagy and apoptosis [58] . Therefore, genetic manipulations thought to affect follicular atresia through apoptosis could actually be acting through mechanisms of autophagy. It seems evident, therefore, that apoptosis is not a ''universal pathway of cellular suicide'' responsible for the controlled deletion of ovarian cell populations, as was believed previously [10] .
We have demonstrated that the mechanism of cell death in the ovary is dependent on both the developmental stage and cell type involved. Specifically, primordial follicles do not die by classical apoptosis; we hypothesize that all oocytes encapsulated in follicles may similarly eschew apoptosis. Future studies will investigate other possible mechanisms of follicle atresia to determine which pathways are used and what factors influence the mechanism of atresia chosen. Better insight into how follicles are eliminated by the ovary will dramatically increase basic understanding of normal physiological follicle loss and help shape clinical applications for women with aberrant follicle management leading to infertility.
